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INTRODUCTICIN 

High r e s o l u t i o n  mass s p e c t r o s c o p y  i s  o n e  o f  t h e  most p r o v i s i n g  
t oo l s  f o r  t h e  c h a r a c t e r i z a t i o n  of v e r y  complex m a t e r i a l s .  S i n c e  commer- 
c i a l  i n s t r u m e n t s  became a v a i l a b l e  i n  t h e  e a r l y  n i n e t e e n  s i x t i e s ,  t h e  
t e c h n i q u e  has b e e n  a p p l i e d  w i t h  c o n s i d e r a b l e  s u c c e s s  to  t h e  a n a l y s i s  of  
m a t e r i a l s  d e r i v e d  both from p e t r o l e u m  and coal (1, 2, 3 ,  4 ) ,  

T h i s  p a p e r  deals  w i t h  t h e  a p p l i c a t i o n  of a p a r t i c u l a r  approach ,  
h i g h  r e s o l u t i o n - l o w  v o l t a g e  mass s p e c t r o m e t r y ,  c o u p l e d  w i t h  computer ized  
data a c q u i s i t i o n  a n d  r e d u c t i o n ,  to  t h e  a n a l y s i s  o f  l i % i d  and  s o l i d  
m a t e r i a l s  d e r i v e d  f rom c o a l  l i q u e f a c t i o n  processes. These p r o c e s s e s  are 
o f  c o n s i d e r a b l e  i n d u s t r i a l  i n t e r e s t  a t  t h e  p r e s e n t ;  and  t h e  p a r t i c u l a r  
a n a l y t i c a l  approach  u s e d  p e r m i t s  o n e  to  o b t a i n  r o u t i n e  q u a n t i t a t i v e  or 
a t  l e a s t  s e m i q u a n t i t a t i v e  d a t a  on  t h e  hundreds  of components p r e s e n t  i n  
e a c h  sample.  P i l o t  p l a n t  or bench scale e x p e r i m e n t s  c a n  be t h u s  suppor ted  
w i t h  d e t a i l e d  a n a l y t i c a l  d a t a .  

EXPERIMENTAL 

The h i g h  r e s o l u t i o n - l o w  v o l t a g e  t e c h n i q u e  u s e d ,  as  w e l l  a s  t h e  
computer ized  d a t a  a c q u i s i t i o n  and r e d u c t i o n  sys tem,  h a s  been  d e s c r i b e d  
e l s e w h e r e  (5,  6 ,  7 ) .  I n  b r i e f ,  mass s p e c t r a  are o b t a i n e d  o n  a n  AEI model 
M S  9 i n s t r u m e n t  a t  a r e s o l v i n g  power of a p p r o x i m a t e l y  1/10.000, and a t  
l o w  i o n i z i n g  v o l t a g e s ,  app rox ima te ly  1 2  v o l t s .  T h i s  r e s o l v i n g  power i s  
s u f f i c i e n t  to  s e p a r a t e  a l l  s i g n i f i c a n t  mass m u l t i p l e t s  u p  t o  a b o u t  m / e  400, 
w i t h  e x c e p t i o n  o f  t h e  1 3 C H - N  d o u b l e t ,  t h e  s e p a r a t i o n  of which r e q u i r e s  
a d d i t i o n a l  c a l c u l a t i o n s .  A t  t h e  same t i m e ,  t h e  u s e  of l o w  i o n i z i n g  v o l t a g e s  
r e d u c e s  t h e  spectra to e s s e n t i a l l y  p a r e n t  p e a k s  and  t h e i r  13C i s o t o p e s ,  so 
t h a t  i n t e r f e r e n c e s  be tween sample components are p r a c t i c a l l y  e l i m i n a t e d ,  
and  d a t a  c a n  b e  o b t a i n e d  b t h  o n  t h e  compound t y p e  and c a r b o n  number d i s t r i -  
b u t i o n .  Q u a n t i t a t i v e  i n f o r m a t i o n  i s  o b t a i n e d  by u s i n g  p u r e  compound or 
e x t r a p o l a t e d  ca l ib ra t ion  c o e f f i c i e n t s .  The data a c q u i s i t i o n  s y s t e m  con- 
sists o f  an I B M  Model 1802 computer ,  which c o n v e r t s  t h e  a n a l o g  s i g n a l s  from 
t h e  mass spectrometer t o  d i g i t a l  d a t a  and r e c o r d s  t h e s e  on magnet ic  t a p e .  
Subsequent  c a l c u l a t i o n s ,  i n c l u d i n g  t h e  r e c o g n i t i o n  o f  p e a k s ,  c a l c u l a t i o n  of 
peak  a r e a s ,  precise masses, f o r m u l a s  and ,  f i n a l l y ,  t h e  complete q u a n t i t a t i v e  
a n a l y s i s ,  are c a r r i e d  o u t  o n  a n  IRY Model 360/50 computer .  A t  p r e s e n t ,  t h e  
q u a n t i t a t i v e  a n a l y s i s  p r o v i d e s  d a t a  r o u t i n e l y  f o r  u p  t o  58 compound t y p e s  
a n d  u p  t o  2900 components ,  i n  less  t h a n  three h o u r s ,  i n c l u d i n g  ins t rument  
t i m e  and i n t e r p r e t a t i o n .  These  t y p e s  i n c l u d e  h y d r o c a r b o n s  w i t h  formulas  
C n H z n  to CnH2,,-44, oxygena ted  compounds from C,H2-,-20 t o  CnHZn-360, and 
s u l f u r  compounds fran CnH2n-2S t o  CnH2n-34S. S e m i q u a n t i t a t i v e  i n f o r m a t i o n  
o n  a d d i t i o n a l  compound t y p e s ,  such  a s  t h o s e  c o n t a i n i n g  N ,  or c o n t a i n i n g  more 
t h a n  o n e  heteroatom per m o l e c u l e ,  or p o s s e s s i n g  a h i g h e r  c o n d e n s a t i o n  t h a n  
o u t l i n e d  a h v e ,  c a n  b e  o b t a i n e d  i n  a short a d d i t i o n a l  t i m e .  The a n a l y s i s  
is  normal ized  t o  t h e  v o l a t i l e  p o r t i o n  of  e a c h  sample ,  d q t e r m i n e d  by weighing 
t h e  sample a n d  a n y  o b s e r v e d  r e s i d u e .  
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D I SCUSSION 

A p p l i c a t i o n  of  t h e  h i g h  r e s o l u t i o n - l o w  vol tage  method to coIi I 
I s o n u  t- I t : 1 i y c  f a c t  i o n  p r o d u c t  .c. y i c Ids  a v e r y  de ta i 1 vd r l i< i  rac t cr iza t i o  n 

hydrocarbon types, !wssc.ssing the same g c n e r a l  formula ,  but d i  f f e r c n t  
a r o m a t i c  n u c l e i ,  c a n  be s e p a r a t e d  and de te rmined  a t  least  s e m i q u a n t i t a -  
t i v e l y .  The behav io r  o f  t h e  components d u r i n g  p r o c e s s i n g  c a n  be c l o s c l y  
fo l lowed.  The a n a l y s i s  i n c l u d e s  data on  a r o m a t i c  and h e t e r o a r o m a t i c  com- 
ponen t s  r a n g i n g  from ppm to s e v e r a l  p e r c e n t  i n  c o n c e n t r a t i o n  and  f r o m  78 
to 500 t  i n  molecu la r  we igh t .  
t y p e s  can  be de t e rmined  r a p i d l y  i n  e a c h  sample.  The d e g r e e  of s o p h i s t i c a -  
t i o n  a t t a i n e d  i s  best i l l u s t r a t e d  wi th  p r a c t i c a l  examples.  

A l a r g e  number o f  components and  compound 

The a b i l i t y  o f  d i s t i n g u i s h i n g  isomeric hydrocashon types is 
based on t h e  o b s e r v e d  f a c t  t h a t  t h e  c o n c e n t r a t i o n s  of t h e  aromatic n u c l e i  
are h i g h e r  t h a n  t h o s e  o f  t h e  a l k y l - s u b s t i t u t e d  members i n  any  homologous 
series. Thus maxima i n  t h e  c a r b o n  number d i s t r i b u t i o n  i n  a n y  series 
co r re spond  i n  most  cases to t h e  a p p e a r a n c e  o f  a n  i n d i v i d u a l  nuc leus .  A 
number of these n u c l e i  are naph thenos romat i c  compounds. Examinat ion  of 
samples  hydrogenated  t o  d i f f e r e n t  e x t e n t s  c a n  t h u s  corroborate t h e  pres- 
ence  of naph thenoa romat i c  n u c l e i ,  as t h e  c o n c e n t r a t i o n  of t h e s e  i n c r e a s e s  
wi th  t h e  e x t e n t  of t h e  hydrogena t ion .  The d a t a  r e p o r t e d  below w i l l  s e r v e  
t o  i l l u s t r a t e  t h e  p rocedure .  

Carbon Number D i s t r i l x l t i o n  i n  t h e  CnH2n-10 S e r i e s ,  Weight P e r c e n t  

I 

I 

/ 

Formula 

gH8 

C I O H I O  

C l l H 1 2  

C12H14 

C13H16 

C14H18 

C15H20 

C16H22 

‘17H24 
c H 18 26 

M i l d l y  Hyl rogenated  Material 

0.062 

0.220 

0.168 

0.444 

0.552 

0.702 

0.278 

0.314 

0.122 

0.006 

S e v e r e l y  Hydrogenated M a t e r i a l  

0.056 

0.408 

0.162 

0.926 

1.175 

1 .493  

0.624 

0.443 

0 . 2 5 2  

0.088 

The o n l y  r e a s o n a b l e  s t r u c t u r e  f o r  a C H8 hydrocarbon is indene .  
CIOHIO cou ld  b e  me thy l - indene  or d ihydronaphtha?ene .  A S  t h e  t o t a l  cl0 con- 
c e n t r a t i o n  i s  h i g h e r  t h a n  t h e  Cg c o n c e n t r a t i o n ,  d i h y d r o n a p h t h a l e n e  is 
b e l i e v e d  to be t h e  major component. T h i s  a s sumpt ion  i s  c o r r o b o r a t e d  by 
t h e  f a c t  that t h i s  d i f f e r e n c e  i n  c o n c e n t r a t i o n  i s  enhanced i n  t h e  more 
s e v e r e l y  hydrogenated  m a t e r i a l ,  and  d i h y d r o n a p h t h a l e n e  is a n  o b v i o u s  hydrogena- 
t i o n  p r o d u c t  from na?htha lene .  Analogous ly ,  i n c r e a s e s  i n  c o n c e n t r a t i o n  a t  
Cl2, Cl3, C14, and C 1 6 r  a l l  enhanced i n  t h e  s e v e r e l y  hydrogenated  material, 
i n d i c a t e  t h e  p r e s e n c e  of a d d i t i o n a l  nuc le i ,  r e s p e c t i v e l y  i d e n t i f i e d  as t e t r a -  
hydroacenaphthene ,  benzohydr indane ,  o c t a h f l r o a n t h r a c e n e  and  dodecahydropyrene .  
Data from o t h e r  series o f  t h e  same g e n e r a l  formula  are treated s i m i l a r l y .  
O n l y  maxima or i n c r e a s e s  i n  c o n c e n t r a t i o n  which appea r  a t  the same ca rbon  
number and series i n  a l a r g e  number o f  samples  are a c c e p t e d  a s  a genu ine  
i n d i c a t i o n  o f  more t h a n  one  compound t y p e  i n  a g i v e n  series. 
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A s  m e n t i o n e J  above ,  t h e  c o n c e n t r a t i o n  o f  a l k y l - s u b s t i t u t e d  
components is considerably lower t h a n  t h a t  of t h e  r e s p e c t i v e  n u c l e i .  
T h i s  can  be o b s e r v e d  best i n  series and  ca rbon  number i n t e r v a l s  where 
o n l y  one compound t y p e  i s  p r e s e n t ,  a s  shown below. 

C a r b o n  Number D i s t r i S t i o n  i n  t h e  CnH2n-8 S e r i e s ,  Weight P e r c e n t  

Formula X i l d l y  I lydrogens ted  M a t e r i a l  S e v e r e l y  Hydrogenated M a t e r i a l  

5.804 9.180 

2.977 5.291 

1.805 2.671 

1.043 1 .291  

10"12 

' l lH14 

C12H16 

C13H18 

The d e c r e a s e  i n  c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  c a r b o n  number is  
a p p r o x i m a t e l y  t m f o l d .  T h i s  r a t e  of d e c r e a s e  has also been  obse rved  f o r  
o t h e r  series,  and i n  a l a r g e  number o f  samples. We w e r e  a b l e  t h u s  t o  
d e v e l o p  a method t o  e s t i m a t e  t h e  c o n c e n t r a t i o n  o f  each  isomeric compound 
t y p e  i n  a g i v e n  series. The p r o c e d u r e ,  i l l u s t r a t e d  below, s ta r t s  w i t h  
e x t r a p o l a t i n g  t h e  c o n c e n t r a t i o n s  of t h e  homologs of t h e  compound t y p e  w i t h  
t h e  lowes t  m o l e c u l a r  weight  n u c l e u s .  The c o n c e n t r a t i o n  of t h e  nuc leus  of 
t h e  next  compound t y p e  is o b t a i n e d  by s u b t r a c t i n g  t h e  e x t r a p o l a t e d  con- 
c e n t r a t i o n  o f  t h e  homolog of t h e  f i r s t  compound t y p e  a t  the ca rbon  number 
invo lved  from t h e  c o n c e n t r a t i o n  obse rved  f o r  t h e  series. C o n c e n t r a t i o n s  
o f  t h e  homologs of the  second  compound t y p e  are t h e n  e x t r a p o l a t e d ;  and t h e  
p rocedure  c o n t i n u e s  s i m i l a r l y  f o r  a l l  o t h e r  compound t y p e s .  The extrapola- 
t i o n  i s  used, o f  c o u r s e ,  o n l y  i n  ca rbon  number i n t e r v a l s  where more t h a n  one 
t y p e  i s  c o n c e i v a b l y  p r e s e n t .  I n  a d d i t i o n ,  t h e  method i s  a p p l i c a b l e  o n l y  t o  
samples  w i t h  b o i l i n g  r ange  wide enough t o  c o n t a i n  a l l  isomers invo lved  i n  
t h e  s e p a r a t i o n .  

S e p a r a t i o n  of Isomeric Compound Types i n  t h e  C H S e r i e s ,  Weight Pe rcen t  n 2n-14 

T o t a l  CnHzn-14 Te t r ahydro -  
Formula S e r i e s  Acenaphthenes  a n t h r a c e n e s  Octahydropyrenes  

C12H10 

C13H12 
C H  

1 4  14 

C14H16 

C16H18 

C17H20 

C18H22 

(1 .2)  

( 2 )  

( 1 . 2 )  

2.954 

1.894 

2.536 

1.105(*) 

1.146 

0.631 ( 2 )  
( 2 )  0.316 

(1) 

( 2 )  2.954 
( 2 )  1 .894 
( 3 )  0.947 
( 3 )  0.474 

0 .237(3 )  
( 3 )  0.118 
( 3 )  0.059 

- 
(4 )  

(4) 

( 3 )  

(3  1 

( 3 )  

1.589 

0.631 

0.316 

0.158 

0.079 

- 
0.593 ( 4 )  

(4 )  0.355 
( 4 )  0.178 

I 

(1) Maxima i n  c a r b o n  number d i s t r i b u t i o n ,  i n d i c a t i n g  t h e  appea rance  of 

( 2 )  Raw c o n c e n t r a t i o n s .  
(31 C o n c e n t r a t i o n s  o b t a i n e d  by e x t r a p o l a t i o n .  
( 4 )  C o n c e n t r a t i o n s  o b t a i n e d  by s u b t r a c t i o n .  

r e s p e c t i v e l y ,  a c e n a p h t h e n e ,  t e t r a h y d r o a n t h r a c e n e  and  oc tahydropyrene .  
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Thc i n f o r m a t i o n  t h u s  o b t a i  ncd o n  t h e  c o n c c n t r a t i c ) n  of t h t ’  
i n d i v i d u a l  compound t y p e s  c a n  be uscd to  follow t h e i r  b e h v i o r  ui’oii 
hydrogenat ion .  T y p i c a l  d a t a  o b t a i n e d  a r e  shown below. 

Weight P e r c e n t  
M i l d l y  S e v e r e l y  

Hydrogenated Hydrogenated 
Ring Systems Mater i a l  Material 

Naphthalene System 
Naphtha lenes ,  CnH2n-12 14.2 7.9 

0 .5  0.7 

11.5 18.4 

0.3 0.4 

2.6 2.0 

T o t a l  28.5 30.0 

‘nH2n-10 D i  h y d r o n a p h t h a l e n e s  , 
T e t r a l i n s ,  

O c t a h y d r o n a p h t h a l e n e s ,  
‘nH2n-8 

‘n”2n-4 

- D e c a l i n s ,  ‘nH2n-2 - 

Anthracene  System 

7.2 5.4 Anthracenes ,  

T e t r a h y d r o a n t h r a c e n e s ,  CnH2n-14 3.0 3.8 

1.3 1 . 5  Hexa h y d r o a n t  h r a c e n e s ,  

0.7 1 . 5  O c  t a h y d r o a n t h r a c e n e s ,  

1 . 2  0.6 Decahydroanthracenes ,  

T o t a l  12.8 13.4 

‘nH2n-18 

‘nH2n-l2 

‘nH2n-10 

‘ nH2n-8 - - 

Acenaphthene System 

Acenaphthylenes ,  

Acena ph t he ne s , 
0.1 0.0 

6.6 5.3 

1 .7  0.7 

7 .0  
T o t a l  7.4 

‘nH2n-16 

‘nH2n-14 
- T e t r a h y d r o a c e n a p h t  henes ,  ‘nH2n-10 - 

F l u o r e n e  System 

F1 uor e n e s  5.0 

T o t a l  5 . 0  5.0 
- 5.0 - 

Another  a s p e c t  of t h e  c h a r a c t e r i z a t i o n  of coal l i q u e f a c t i o n  
p r o d u c t s  is t h e  d e t e r m i n a t i o n  of components c o n t a i n i n g  h e t e r o a t o m s .  Most 
of t h e s e  c a n  be d i r e c t l y  i d e n t i f i e d  from t h e  computer o u t p u t  o f  t h e  h i g h  
r e s o l u t i o n - l o w  v o l t a g e  spectra a s  i l l u s t r a t e d  below for t y p i c a l  mass 
m u l t i p l e t s .  
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Computer I d c n t i f  i c a t i o n  of  Formulas  

M u l t i 2 l e t s  a t  m / e  310 and 330 

I n t e n s i t y ,  % - 1  Yeasured Mass E r r o r ,  m u  
0.0016 31 0.0857 +0.7 

0.0332 

0.5825 

0.0075 

0.0435 

0.0017 

0.0064 

0.0131 

0.1219 

0.0051 

310.1346 - 1 . 2  

310.1736 +1.5 

3 10.227 6 -2.0 

310.2675 +1.5 

330.1360 

330.1605 

330.1963 

330.2360 

330.3291 

-4.8 

-1.5 

-2 .1  

+1.3 

+0.5 

Forinula 

C19ti1HS2 

c23"180 

c24ii22 

I 22'30' 

C23H34 

'26'18 

C23H2202 

'24'26' 

C25H30 

C24H42 

The r e s o l v i n g  p o w e r  of  o u r  i n s t r u m e n t ,  however, is i n s u f f i c i e n t  
t o  s e p a r a t e  t h e  13CH-N d o u b l e t  above m / e  120-130. 
one  N atom a r e  t h e r e f o r e  d e t e c t e d  u s i n g  i s o t o p e  c o r r e c t i o n  t e c h n i q u e s .  
The presence  of N compounds of odd m o l e c u l a r  weights  is i n d i c a t e d  by 
r e s i d u a l  p e a k h e i g h t s  a f t e r  i s o t o p e  c o r r e c t i o n  and s h i f t  i n  t h e  measured mass 
from t h e  v a l u e  of  t h e  13C i s o t o p e  to  t h a t  o f  t h e  N compound, a s  shwn i n  
t h e  example r e p o r t e d  b e l o w .  

Components Conta in ing  

Measured Mass Formula E r r o r ,  m u  I n t e n s i t y ,  % 11 
-0.6 1.903 - - 0.845 

180.093 C14~12 
181.090 

Formula T h e o r e t i c a l  Mass T h e o r e t i c a l  I n t e n s i t y ,  % E  I 

181.096 0.290 

181.089 0.555* 
3 ~ c 1  3'1 2 

C13H11N 

Res idua l  a f t e r  i s o t o p e  c o r r e c t i o n .  

T h e o r e t i c a l  mass  f o r  u n r e s o l v e d  d o u b l e t :  

E r r o r  o f  mass  c a l c u l a t i o n  f o r  u n r e s o l v e d  d o u b l e t :  -1.0 mmu ( -0 .4 with 
r e s p e c t  t o  1 8 0 . 0 9 3 ) .  
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The t e c h n i q r s  d i s c u s s e u  a b v e  r e s u l t  in J. thorough c l u r a c t c r i z a t i o n  
of coal l i q u e f a c t i o n  ;xroducts. The w e a l t h  oP data o b t a i n e d  is i l l u s t r a t c d  by 
t h e  list of compound t y p e s  d e t e c t e d  i n  o n e  i n d i v i d u a l  sample ,  reported bclow. 

S e r i e s  

CntiZn 

‘nH2n-2 

‘n“2n-2 

c I I .  
n 211-4 

Cn112n-4 

‘n“2n-4 

‘n“2n-6 

‘n1‘2n-t! 

n 2n-8 

cni1211-10 

‘n“2n-1 o 
C p H ~ n - l ~  

‘nH2n-10 

‘nH2n-10 

‘nH2n-l0 

Cni12n-1 2 

‘nH2n-14 

‘nH2n-14 

Cn112n-15 

‘nH2n-l6 

‘nH2n-16 

Cn112n-16 

c I f  
n 2n-18 

‘nii2n-18 

‘nH2n-1;3 

Cn112n-18 

c I 1  

H o d e l  S t r u c t u r e  

Cyclohexanes  

Deca 11 n s  

l lydr indans  

h y d r i n d e n e s  

3 c t a  hydronaphtha  l e n e s  

P e r h y d r o a n t h r a c e n e s  

Senzene s 

I n d a n e s  

T c t r a l i n s  

Indurlcs 

D 1 hydro nap h t  ha1  c n e s  

T e t r a  hydroacendpht  henes 

Benzhydr indanes  

Oc tahydroan th racenes  

Dodeca hydr  o p y r e n e  s 

Naphtha l e n e  s 

Acena p h t  he n e  s 

T c t r a h y d r o a n t h r a c e n e s  

Acenaphthylenes  

F l u o r e n e s  

Dihydroan th racenes  

Hexa hydropyr  e n e s  

An th racenes  

Te  t r a h y d r o p y r e n e  s 

Hexahydrochrysenes  

Decahydrobenzopyrenes 

S c r i c s  llodcl S t r u c t u r c  

Cn112n-2~ 

‘n‘’2n-20 

‘n“2n-22 

‘nH2n-22 

‘nH2n-24 

‘n“2n-24 

‘n”2n-26 
C H  

n 2n-28 
c H 

n 2n-30 

‘n”2n-32 

‘n“2n-34 

‘n”2n-36 

‘nH2n-38 

‘11~2n-4’ 

‘ n 2 n - 10‘ 
‘n”2n-12 S 

‘nH2n-16 S 

CnH2n-18 S 

‘n’’2n- 20‘; 

S ‘nH2n-14 

C H  0 
n 211-2 

‘ n ” ~ n - 4 ~  

‘nH2n-6O 
c H 0 p 2n-8 

‘nH2n-100 
‘nH2n-12 0 

0 ‘n‘‘2n-14 

‘nH2n-16’ 
‘nH2n-18 c) 

‘nH2n-20 0 

Naphthcnoanthracenes  

T c t r a  hydrochrysene  s 

Pyr e n e  s 

Herahydrobenzopyrene s 

Chrysenes  

T e  t r ahydrobenzopyrenes  

C h o l a n t h r e n e s  

Benzopyrenes 

P i c e n e s  

An than th renes  

D i b e n z o p y r e n e s  

Coronene  s 

Benzanthant  h r e n e s  

Th iophenes  

L e n z o t h i o p h e n e s  

Naphthenobenzothiophenes 

Indeno th iophenes  

D i b e n z o t  h i o p h e n e s  

ACenaphthenoth iophenes  

F l u o r  e n o  t h i o p h e  n e s  

Dihydro fu rans  

F u r a n s  

P he no 1 s 

NaEhthenophenols 

Benzofurans  

Naphtho 1 s 

Naphthenonaphthols  

Di benzof u r a n s  

H ydrox  ya n t  h r a c e n e  s 

Hydroxynaphthenoanthracenes ! 

c I { .  Ln-22cj I lydroxyp‘penes 
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0 ‘n“2n-24 
c Ii 0 n 2n-26 
‘nH2n-28 0 

Cn“2n-30 0 

‘n’’2n-32 

‘nH2n-38 

0 

0 

CnH2n-5N 
C H  N 

n 2n-7 

‘nH2n-gN 
‘nH2n-l1 N 

‘nH2n-13 N 

C H  N 
n 2n-15 

N 
‘nH2n-17 
‘nH2n-19 N 

CnH2n-21 

‘nH2n-23 

‘nH2n-25 

N 

N 

N 

‘nH2n-27 N 

N 

N 
nH 2n-2 9 

‘nH2n-31 

ti ydrox yc h r y s e n e  s 

Hydroxycho lan th renes  

Hydroxybenzopyrenes 

H ydrox y p i c e  n e s  

Hydroxyan than th renes  

Hydroxybenzanthanthrenes 

P y r i d i n e s  

Naph thenopyr id ines  

I n d o l e s  

Qui no 1 i n e s  

Naph thenoqu ino l ines  

Cnl12n-G02 Dihydroxybcnzenes  

Cn l i  

Cn112n-1002 I lydroxybenzofurans  

CnH2n-1202 D i h y d r o x y t e t r a l i n s  

CnH2n-1402 Hydroxyindenofurans  

CnH2n-1602 Hydroxydibenzofurans  

CnH2n-1802 Dihydroxyan th racenes  

CnH2n-2002 Dlhydroxynaphthenoanthracenes 

CnH2n-2202 Dihydroxypyrenes  

CnH2n-2402 Dihydroxychrysenes  

C nH2n-  6O 

D 1 hydroxy 1 ncla ne s 

D ihydr  ox yc ho l a n t  hr ene  s 

C a r b a z o l e s  .CnH2n-8S0 Hydroxycyclopentenothiophenes 

A c r i d i n e s  CnH2n-10S0 Hydroxybenzoth iophenes  

Naphthenobenzoquinol ines  CnH2n-12S0 Hydroxynaphthenobenzothiophenes 

B e n z o c a r b a z o l e s  CnH2n-16S0 Hydroxydibenzothiophenes 

Benzacr  i d i n e s  CnH2n-18S0 Iiydroxynaphthenonaphthothiophenes 

N a p h t h e n o b e n z a c r i d i n e s  C H SO Hydroxyfluorenothiophenes 
h 2n-20 

CnH2n-1603 Dihydroxyd ibenzofu rans  

CnH n-l oSO 2 
CnH2n-16S0 Dihydroxydibenzothiophenes 2 

D i hydrox ybe n z o t  h iophenes  

CnH2n-18S0 Dihydroxynaphthenonaphthothiophenes 

CnH2n-20S0 Dihydroxyfluorenothiophenes 
2 

2 

The model s t r u c t u r e s  l i s t e d  above  were deduced  by o b s e r v i n g  t h e  molecu la r  weight  
of t h e  . f i r s t  member f o r  e a c h  compound t y p e  i n  a l a r g e  number of samples .  T h i s  
o b s e r v e d  molecu la r  w e i g h t  w a s  i n  most cases i d e n t i c a l  to  t h a t  o f  t h e  model s t r u c -  
t u r e s  proposed .  A s  i s o m e r i c  compound t y p e s  of t h e  same n u c l e a r  molecu la r  weight,  
such  as a n t h r a c e n e s  and phenan th renes , canno t  be s e p a r a t e d  by mass spectrometric 
means, t h e s e  s t r u c t u r e s  shou ld  be c o n s i d e r e d  o n l y  i n d i c a t i v e .  

A d d i t i o p a l  compound t y p e s  have been  of c o u r s e  d e t e c t e d  i n  o t h e r  samples.  
The m o s t  i n t e r e s t i n g  q o n g  t h e s e  w e r e  compounds a s  condensed  as CnHzn-48, CnH2n-420, 
CnH2n-3402, CnH2n-32S0, and  s e v e r a l  compound t y p e s  c o n t a i n i n g  NO, and  S2 groups .  

T h e . p r e s e n c e  of 0, 02 g r o u p s ,  m o s t  p r o b a b l y  i n  t h e  hydroxyl  form, i s  
c o n s i d e r e d  q u i t e  r e v e a l i n g ,  p a r t i c u l a r l y  i n  v i e w , o f  t h e  f a c t  t h a t  t h e s e  hydroxyl 
g r o u p s  are 1 o c a t e d . o n  h y d r o c a r b o n s  c o n t a i n i n g  u p  t o  8 a r o m a t i c  r i n g s .  
t i o n  of t h e s e  v e r y  condensed  heterocompounds i n  .coal l i q u e f a c t i o n  p r o d u c t s  co r robo-  
ra tes  t h e  v iews  oh coal s t r u c t u r e ,  r e p o r t e d  by H i l l  ( 8 ) .  According  to t h i s  and  
o t h e r  au tho r . s ,  coal i s  v iewed a s  a polymer composed of p o l y a r o m a t i c  n u c l e i  l i n k e d  
by  -0- and  - S -  b r i d g e s .  

The d e t e c -  
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I 

1 

I 
I 

I t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  t h e s e  l i n k a g e s  break 
t i o n ,  t h u s  g i v i n g  r i se  t o  t h e  p o l y a r o m a t i c  p h e n o l s  d e t e c t e d  i n  

u p n  hydrogella- 
o u r  a n a l y s e s .  

i s  provided  hy Another i n t e r e s t i n g  i n s i g h t  i n  t h e  s t r u c t u r e  of  c o a l  
t h c  a n a l y s i s  o f  t h e  h e a v i e r  f r a c t i o n s  (700°F.+) of hydrogenated  material .  
A s  shown by t h e  example r e p o r t e d  below, t h e s e  m a t e r i a l s  c o n t a i n  c o n s i d e r a b l e  
amounts o f  p o l y n u c l e a r  a r o m a t i c s ,  a s s o c i a t e d  w i t h  a s  many a s  a t o t a l  of f i f t e e n  
to  twenty  C atoms i n  s i d e  c h a i n s .  I t  i s  c o n c e i v a b l e ,  o f  c o u r s e ,  t h a t  naphtheno- 
a r o m a t i c  n u c l e i  are also p r e s e n t .  I t  i s  b e l i e v e d  t h a t  t h e s e  s i d e  c h a i n s  a r e  
s h o r t ,  wi th  one or t w o  C atoms p e r  s i d e  c h a i n ,  a l t h o u g h  d u e  t o  t h e  i n s o l u b i l i t y  
of t h i s  t y p e  o f  m a t e r i a l  i n  a n y  s o l v e n t ,  t h i s  a s s u m p t i o n  c o u l d  n o t  be conf i rmed 
by NMR t e c h n i q u e s .  These s h o r t  s i d e  c h a i n s  c o u l d  be d e r i v e d  from hydrocracking: 
of naph thenoa romat i c  compounds o r  from h y d r o g e n a t i o n  o f  me thy lene  l i n k a g e s  i n  
t h e  o r i g i n a l  c o a l  s t r u c t u r e .  

A n a l y s i s  o f  a Heavy Hydrogenated F r a c t i o n  

Corn p und 
Type 

C n l i ~ n - ~  

‘nH2n-2 

C H  
n 2n-4 

‘nt’2n-6 

‘nH2n-8 

C n i i ~ n - l ~  

C H  
n 2n-12 

‘nH2n-14 

Cn112n-16 

Cn“2n-18 

‘nii2n-20 

‘n“2n-22 

~ “ 2 n - 2 4  

n’ 2 n- 2 C, 

n 2n-28 

C n 1 i 2 n - 3 ~  

‘n“2n-32 

n 2n-34 

c t i  

C 11 

Weight 
P e r c e n t  

0.033 

0.077 

0.254 

0.298 

0.732 

1 .675  

1 .425  

2.196 

4.312 

5.743 

6.931 

7 .628  

6.066 

4.407 

2.794 

1 . 3 9 3  

1 . 0 9 5  

0.378 

Avg . 
MW 

308 

1 2 9  

18 5 

102  

1 5 3  

195 

228 

236 

248 

27 0 

28 6 

28 2 

302 

322 

327 

340 

34 1 

365 

- 
Compound 

Type 

C H  n 2n-36 

‘n“2n-38 

‘nH 2n-4 0 

‘2‘2n-4 2 

‘nH2n-44 

‘nH2n-4 

5 nH2n-16 

CnH2n-18 5 

‘nH2n-20 5 

0 ‘nH2n-10 

Cn’12n-12 0 

0 

0 

‘nH2n-14 

‘nH2n-16 

‘n“2n-18 0 

‘nH2n-20 

‘n“2n-22 0 

‘nH2n-24 0 

9 

Weight 
P e r c e n t  

0.147 

0.072 

0.013 

0.015 

0.002 

0.004 

0.003 

0.002 

0.005 

0.006 

0.019 

0.013 

0.066 

0.163 

0.062 

0.093 

0.122 

Avq . 
M W  

37 9 

386 

4 1 0  

415 

4 00 

126 

226 

231 

252 

203 

215 

1 7 8  

228 

240 

248 

264 

294 
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0 0 .125  3 02 

0 0.056 317 

0 0.015 3 28 

cn112n-26 

‘n“2n-28 

nH2n-30 

N o n v o l a t i l e  r e s i d u e  51.50 

c I 1  0 0.012 

0 0.004 

n 2n-32 

‘n”2n-34 3 57 

hote: T h i s  i s  t h e  r o u t i n e  f o r m a t ,  which d o e s  n o t  i n c l u d e  0 2  o r  N compounds, 
and d o e s  n o t  s e p a r a t e  i s o m e r i c  hydrocarbons .  

Carbon Number D i s t r i b u t i o n  i n  a licavy Hydrogenated F r a c t i o n  

C a r t o n  Number 

16 
1 7  
18 
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
2 8  
29 
30 
31 
32 
33 
34 
35 

T o t a l  

C H  
n 2n-22 

0.740 
0.441 
0.333 
0.311 
0.582 
0.760 
0.750 
0.685 
0.690 
0.500 
0.475 
0.370 
0.330 
0.243 
0.165 
0.135 
0.040 
0.044 
0.028 

7.628 
- - 

‘nH2n-28 

- 
- 
- 
- 
0.128 
0.220 
0.218 
0.220 
0.255 
0.295 
0.300 
0.305 
0.220 
0.184 
0.152 
0.080 
0.084 
0.074 
0.044 
0.015 
2.794 

‘nH2n-32 

- 
- 
- 
- 
- 
- 
0.100 
0.102 
0.074 
0.094 
0.104 
0.110 
0.092 
0.094 
0 .111  
0.051 
0.046 
0.030 
0.017 

1.025 
- - 

‘nH2n-38 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.007 
0.005 
0.006 
0.012 
0.006 
0.006 
0.007 
0.008 
0.012 
0.003 
0.072 
- 

CONCLU S ION 

High r e s o l u t i o n - l o w  v o l t a g e  mass s p e c t r o m e t r y  i s  t h u s  a v e r y  
powerfu l  t o o l  for t h e  c h a r a c t e r i z a t i o n  o f  c o a l  l i q u e f a c t i o n  p r o d u c t s  and 
f o r  y i e l d i n g  rapid and d e t a i l e d  d a t a  u s e f u l  f o r  p r o c e s s  development  s t u d i e s .  
The method c a n  a l so  b e  a p p l i e d  t o  t h e  v o l a t i l e  p o r t i o n s  of powdered coal and 
c o a l  e x t r a c t s .  The d a t a  o b t a i n e d  o n  a g r e a t  many samples  a n a l y z e d  p e r m i t t e d  
u s  t o  g a i n  some i n s i g h t  i n t o  t h e  s t r u c t u r e  of c o a l .  
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